1. Introduction
===============

Root canal treatment is based on cleaning, shaping and sealing the root canal system \[[@B1-jfb-06-00066]\]. Its main objective is the elimination of microorganisms from the root canals and the prevention of recontamination after filling \[[@B2-jfb-06-00066],[@B3-jfb-06-00066],[@B4-jfb-06-00066],[@B5-jfb-06-00066]\]. Irrigating solutions facilitates the disinfection and the debridement of the root canal, so they are considered to be essential for successful endodontic treatment \[[@B6-jfb-06-00066],[@B7-jfb-06-00066],[@B8-jfb-06-00066],[@B9-jfb-06-00066],[@B10-jfb-06-00066]\]. Instruments alone cannot effectively eliminate bacteria from the root canal system \[[@B11-jfb-06-00066]\] and modern rotary instrumentation techniques produce a large quantity of smear layer that covers root canal walls. In the last decade many nickel-titanium (NiTi) rotary instruments have been introduced. All NiTi rotating instruments have been shown to produce moderate to heavy smear layer that need to be removed with the use of chemical solutions \[[@B12-jfb-06-00066],[@B13-jfb-06-00066]\]. The chelating agents like ethylenediaminetetraacetic acid (EDTA) are currently used to remove the smear layer formed during preparation of the root canals \[[@B14-jfb-06-00066]\]. The association of EDTA and NaOCl solutions is the gold standard in chemo-mechanical preparation of the root canals \[[@B15-jfb-06-00066],[@B16-jfb-06-00066]\]. EDTA acts upon the inorganic components of the smear layer and decalcifies the peri- and intertubular dentine and leaves the collagen exposed. Subsequently, the use of NaOCl dissolves the collagen, cleaning the dentinal walls \[[@B14-jfb-06-00066]\]. Combined use of irrigating solutions and rotary instruments decreases bacterial counts in the root canal when compared to standard instrumentation alone \[[@B17-jfb-06-00066]\]. Several SEM studies revealed that rotating files associated to EDTA and NaOCl irrigation leave dentine surfaces substantially free from smear layer \[[@B18-jfb-06-00066],[@B19-jfb-06-00066],[@B20-jfb-06-00066]\]. The combination of NaOCl and EDTA favorites the removal of smear layer and the removal of a great portion of circumferential dentinal collagen and mineralized dentine from the surfaces of tubules, as confirmed by Foschi *et al.* \[[@B18-jfb-06-00066]\]. This means that absence of smear layer and presence of clean dentinal walls provide a reduction in bacterial count. Today is well known that mechanical NiTi instrumentation in combination with chemical cleaning greatly reduces the microorganisms remaining in the root canal system \[[@B21-jfb-06-00066],[@B22-jfb-06-00066],[@B23-jfb-06-00066]\]. Total removal of smear layer facilitates the diffusion of the irrigants and the medications to the root canal system \[[@B24-jfb-06-00066]\] and then improves the adaptation of the filling materials to the root canal dentine, reducing apical and coronal microleakage of the root canal filling materials \[[@B25-jfb-06-00066]\]. The purpose of the present study was to investigate the cleaning efficacy of three NiTi rotary instruments: Mtwo, Revo-S and HyFlex CM. The amount of debris and the morphology of smear layer were parameters for the evaluation of the cleanliness of root canals. Higher presence of debris and smear layer is indicated by higher score values. The null hypothesis of the study is that there is no significant difference in debris scores and smear layer scores between the three systems.

2. Results and Discussion
=========================

The mean amounts of debris and smear layer scores of the three groups are reported in [Table 1](#jfb-06-00066-t001){ref-type="table"}, [Table 2](#jfb-06-00066-t002){ref-type="table"}, [Table 3](#jfb-06-00066-t003){ref-type="table"} and [Table 4](#jfb-06-00066-t004){ref-type="table"}. Kruskall-Wallis test showed the presence of significant among the different groups (*P* \< 0.05). Mann-Whitney *U* test showed no significant difference in debris scores between Mtwo and Revo-S groups when comparing coronal, middle and apical thirds (*P* \> 0.05). HyFlex CM groups showed significantly higher scores than other groups tested (*P* \< 0.05). Moreover Mann-Whitney *U* test showed no significant difference in smear layer scores between Mtwo and Revo-S groups when comparing coronal, middle and apical thirds (*P* \> 0.05). HyFlex CM groups showed significantly higher scores than other groups tested (*P* \< 0.05). [Figure 1](#jfb-06-00066-f001){ref-type="fig"}, [Figure 2](#jfb-06-00066-f002){ref-type="fig"} and [Figure 3](#jfb-06-00066-f003){ref-type="fig"} show representative samples of SEM micrographs (1000×) of the root canal dentin surface of groups A, B and C.

jfb-06-00066-t001_Table 1

###### 

Average score of the debris for the coronal, middle and apical third of the canals (Values with the same superscript letters were not statistically different at \* *P* = 0.05).

  Group       Coronal    Middle     Apical     Overall
  ----------- ---------- ---------- ---------- ----------
  Mtwo        1.33 ^a^   1.40 ^a^   1.53 ^a^   1.42 ^a^
  Revo-S      1.33 ^a^   1.53 ^a^   1.60 ^a^   1.49 ^a^
  HyFlex CM   2.60 ^b^   2.53 ^b^   2.40 ^b^   2.51 ^b^

jfb-06-00066-t002_Table 2

###### 

Summary score of the debris.

  Group       Canal level   Score = 1   Score = 2   Score = 3   Score = 4   Score = 5
  ----------- ------------- ----------- ----------- ----------- ----------- -----------
  Mtwo        Coronal       11          3           1           0           0
  Middle      10            4           1           0           0           
  Apical      9             4           2           0           0           
  Revo-S      Coronal       11          3           1           0           0
  Middle      9             4           2           0           0           
  Apical      9             3           3           0           0           
  HyFlex CM   Coronal       1           4           10          0           0
  Middle      2             3           10          0           0           
  Apical      3             3           9           0           0           

jfb-06-00066-t003_Table 3

###### 

Average score of the smear layer for the coronal, middle and apical third of the canals (Values with the same superscript letters were not statistically different at \* *P* = 0.05).

  Group       Coronal    Middle     Apical     Overall
  ----------- ---------- ---------- ---------- ----------
  Mtwo        1.13 ^a^   1.33 ^a^   1.40 ^a^   1.29 ^a^
  Revo-S      1.20 ^a^   1.27 ^a^   1.33 ^a^   1.27 ^a^
  HyFlex CM   2.33 ^b^   2.60 ^b^   3.27 ^b^   2.73 ^b^

jfb-06-00066-t004_Table 4

###### 

Summary score of the smear layer.

  Group       Canal level   Score = 1   Score = 2   Score = 3   Score = 4   Score = 5
  ----------- ------------- ----------- ----------- ----------- ----------- -----------
  Mtwo        Coronal       13          2           0           0           0
  Middle      11            3           1           0           0           
  Apical      11            2           2           0           0           
  Revo-S      Coronal       12          3           0           0           0
  Middle      12            2           1           0           0           
  Apical      12            1           2           0           0           
  HyFlex CM   Coronal       4           4           5           2           0
  Middle      2             5           5           3           0           
  Apical      0             3           7           3           2           

![Representative samples of scanning electron micrographs of the root canal dentin surface instrumented with Mtwo (group A) at coronal (**a**), middle (**b**) and apical (**c**) third of the root (1000×). Dentinal tubules are clearly visible. Small debris particles are present (Smear layer and debris scores = 1).](jfb-06-00066-g001){#jfb-06-00066-f001}

![Representative samples of scanning electron micrographs of the root canal dentin surface instrumented with Revo-S (group B) at coronal (**a**), middle (**b**) and apical (**c**) third of the root (1000×). Dentinal tubules are clearly visible. Small debris particles are present (Smear layer and debris scores = 1).](jfb-06-00066-g002){#jfb-06-00066-f002}

![Representative samples of scanning electron micrographs of the root canal dentin surface instrumented with HyFlex CM (group C) at coronal (**a**), middle (**b**) and apical (**c**) third of the root (1000×). Few dentinal tubules are open. Homogeneous smear layer covers root canal wall (Smear layer score = 3). Many agglomerations of debris cover less than 50% of the surface of the root wall (Debris score = 3).](jfb-06-00066-g003){#jfb-06-00066-f003}

The null hypothesis of the present study has been rejected. Significant differences were found between the three groups of NiTi rotary instruments. The goal of endodontic treatment is the removal of the debris and smear layer created by instrumentation from the root canal system \[[@B1-jfb-06-00066]\]. During root canal preparation, the action of endodontic instruments produces debris and smear layer, which is compacted along dentinal walls \[[@B3-jfb-06-00066]\]. Its elimination seems to be of great importance, since it could allow NaOCl to penetrate into the dentinal tubules, thus enhancing its bactericidal action \[[@B7-jfb-06-00066],[@B8-jfb-06-00066],[@B9-jfb-06-00066]\]. Moreover, the smear layer may affect the sealing efficiency of root canal filling materials, acting as a physical barrier to sealers \[[@B4-jfb-06-00066],[@B5-jfb-06-00066]\]. All tested instruments were evaluated in accordance with the manufacturers' direction. All protocol sequences and instruments operative settings were respected: irrigation procedures were standardized for all experimental groups and the same trained operator shaped all root samples. Although it is preferable to use a larger number of samples for endodontic research it has become increasingly difficult to obtain extracted human teeth for laboratory studies in Italy. This study demonstrates that the three NiTi rotary instruments tested produced different dentine surface on root canal walls. SEM analysis revealed that Mtwo and Revo-S rotating files associated to EDTA and NaOCl irrigation leave dentine surfaces substantially free from smear layer. Despite some minor differences all these instruments removed smear layer and debris produced during instrumentation and subsequently dissolved by EDTA. Previous SEM studies investigated the effect of NiTi rotary instruments on dentine and obtained similar results \[[@B14-jfb-06-00066],[@B18-jfb-06-00066],[@B19-jfb-06-00066]\]. The present study also confirmed that the apical third is the area where more debris is still visible under SEM inspection \[[@B18-jfb-06-00066]\]. It is likely that rotating NiTi instruments produced fine dentine particles and debris that were spread and compacted along dentine walls and then partially dissolved by EDTA and removed coronally via flute spaces. Mtwo, thanks to their "italic S" cross section with only two cutting edges ([Figure 4](#jfb-06-00066-f004){ref-type="fig"}), and Revo-S, thanks to their asymmetrical section and three cutting edges located on different radiuses ([Figure 5](#jfb-06-00066-f005){ref-type="fig"}), favorite debris elimination and provided dentinal root walls generally free from smear layer and debris. HyFlex CM instruments are new NiTi rotary instruments with shape memory produced by an innovative methodology (patent pending) that uses a complex heating and cooling treatment that controls the material's memory. These instruments were made from a specific nickel-titanium alloy that has been claimed to have a lower percent in weight of nickel (52%) \[[@B26-jfb-06-00066]\]. A specific sequence of heat treatments is involved in their manufacturing process leading to a significantly more flexible instrument, measured by Testarelli *et al.* \[[@B26-jfb-06-00066]\] in a standard ISO 3630-1 bending test. The manufacturer claims that they are up to 300% more fatigue-resistant and regain their shape after sterilization \[[@B27-jfb-06-00066]\]. If submitted to excessive resistance or stresses they could be plastically deformed and sterilization in autoclave will result in the instrument regaining its shape \[[@B27-jfb-06-00066]\]. Recently, HyFlex CM size 25, .06 taper instruments were found to be significantly more flexible compared to Profile (Dentsply Tulsa Dental, Tulsa, OK, USA), Hero (MicroMega, Besancon, France) and EndoSequence (Brasseler, Savannah, GA, USA) \[[@B26-jfb-06-00066]\]. Peters *et al.* \[[@B27-jfb-06-00066]\] verified they are bendable and very flexible, with similar torsional resistance compared to instruments made of conventional NiTi alloy; fatigue resistance is much higher and canal preparation ability appear to result in less lower working torque, compared to other conventional rotary instruments. No other information regarding their clinical properties and behavior is known. Shaping ability seems to be effective; however, the subsequent cleanliness provided by the combination with irrigating solutions is not statistically similar to the others sequences. This result probably is related to the non-uniform shape given to the root canal, thus preventing the flushing of debris and smear layer. Peters *et al.* \[[@B27-jfb-06-00066]\] concluded that future experiments about canal shaping ability of HyFlex CM are needed. This first study, with its limitations, showed that even if associated to EDTA and NaOCl irrigating solutions they are not so effective in removing debris produced during endodontic instrumentation. A lot of the smear layer is present along dentinal walls, in apical, middle or coronal portions. This *in vitro* study tested HyFlex CM at room temperature, lower than body temperature. Maybe this could represent a limit, but it has to be demonstrated. A lower temperature could reduce physical properties of their alloy, but is not directly related to their shaping and cleaning capability. It is probably related to their cross section and flutes: some instruments (.02/20, .06/20, .04/30 and .04/40) have triangular cross section with three blades and three flutes, others (.04/20 and .04/25) have quadrangular cross section with four blades and four flutes ([Figure 6](#jfb-06-00066-f006){ref-type="fig"}). The geometry of flutes could be related to low capacity of debris removal and a higher amount of smear layer found along dentinal walls. Two symmetrical blades characterize Mtwo cross-section, while three asymmetrical blades characterize Revo-S cross-section. Both geometries reduce the contact lengths of the blades on the dentinal walls thus reducing the production of debris and smear layer and increase the available volume for irrigating solutions and upward debris elimination. Moreover, the lower number of instruments in Mtwo and Revo-S systems may make a lower production of smear layer easily removable by irrigating solutions.

![SEM image of Mtwo's "Italic S" cross section with only two cutting edges.](jfb-06-00066-g004){#jfb-06-00066-f004}

![Revo-S section with three cutting edges located on different radiuses.](jfb-06-00066-g005){#jfb-06-00066-f005}

![HyFlex sequence: some instruments have triangular cross section with three blades and three flutes, others have quadrangular cross section with four blades and four flutes. Numbers reported below each section indicate the instrument of the sequence.](jfb-06-00066-g006){#jfb-06-00066-f006}

3. Experimental Section
=======================

Thirty single-rooted human teeth freshly extracted for periodontal reasons were selected for this study and placed in saline at room temperature immediately after extraction. The inclusion criteria are: morphological similarity, single-canal roots, straight roots, absence of root decay, absence of previous endodontic treatment, root length of at least 13 mm and apical diameter of at least \#20. The crown of each tooth was removed at the level of the cementum-enamel junction (CEJ) in order to obtain root segments similar in length. Two longitudinal grooves were prepared on the palatal/lingual and buccal surfaces of each root with a diamond bur used with a high-speed water-cooled handpiece to facilitate vertical splitting with a chisel after canal instrumentation.

3.1. Root Canal Instrumentation
-------------------------------

The same trained operator prepared all root canals. The root canals were preliminary instrumented using stainless steel \#08-10-15 K-files (Maillefer, Konstanz, Germany) to create a glide path and then shaped with three different NiTi rotary instruments: (Group A) Mtwo (Sweden Martina, Due Carrare, Padova, Italy);(Group B) Revo-S (MicroMega, Besancon, France);(Group C) HyFlex CM (Coltene Whaledent AG, Altstatten, Switzerland).

The instruments were used with a digital endodontic engine (Endo Mate DT, NSK, Kanuma, Japan) in clockwise rotation respecting manufacturers' instructions and protocols. Mtwo protocol requires four files sequence (engine settings: 300 rpm and 2.0 N/cm): 10/.04, 15/.05, 20/.06, 25/.06 and 30/.05, with apical diameter of 0.30 mm and 5% taper finishing preparation. Revo-S protocol requires three files sequence (engine settings: 350 rpm and 3.0 N/cm): SC1, SC2 and SU, with apical diameter of 0.25 mm 6% taper finishing preparation. HyFlex CM protocol requires five files sequence (engine settings: 500 rpm and 2.5 N/cm): .08/25, .04/20, .04/25, .06/20 and .06/25, with apical diameter of 0.25 mm 6% taper finishing preparation. The same trained operator instrumented all the samples. All the roots were randomly assigned to three groups of 10 specimens each. Root canals were irrigated during instrumentation between each file change with 1 mL of 5.25% NaOCl followed by 1 mL of 17% EDTA. After preparation 4 mL of 17% EDTA were left *in situ* for 120 s followed by 1 mL of 5.25% NaOCl for 60 s as final rinse. The same manufacturer (Ogna Laboratori Farmaceutici, Muggiò, Italy) prepared the endodontic irrigating solutions. The irrigating solutions were frequently replaced to maintain their effectiveness. Small endodontic needless (27G Kendall Monoject, Mansfield, MA, USA) allowed us to reach the apical third with the reflux of irrigating solutions. Finally, all the canals were washed with ethanol for 30 s and dried with calibrated paper points (Absorbent Paper Points, Denstply-Maillefer, Konstanz, Germany).

3.2. SEM Preparation and Examination
------------------------------------

Each sample were dipped in liquid nitrogen immediately after canal preparation and split longitudinally into two halves with a stainless steel chisel. The sections were then prepared for SEM analysis. The sections were then allowed to air-dry overnight in a desiccator at room temperature, sputter-coated with gold and prepared for SEM analysis (EVO MA 10 Carl Zeiss SMT AG, Germany).

SEM observations were obtained at standard magnification of 1000×. Six photomicrographs were taken in three areas (coronal, middle and apical). In a blind manner, three trained operators scored the presence or absence debris and smear layer on the surface of the root canal at the coronal, middle, and apical portion of each canal. All disagreement was resolved by consensus. Hulsmann *et al.* \[[@B28-jfb-06-00066]\] proposed the rating system and the criteria for the scoring are reported following.

Score of the debris: Score 1: clean root canal wall, only few small debris particles;Score 2: few small agglomerations of debris;Score 3: many agglomeration of debris covering less than 50% of the root canal wall;Score 4: more than 50% of the root canal wall covered by debris;Score 5: complete or nearly complete root canal wall covered by debris.

Score of the smear layer: Score 1: no smear layer, orifices of dentinal tubules open;Score 2: small amount of smear layer, some dentinal tubules open;Score 3: homogenous smear layer covering the root canal wall, only few dentinal tubules open;Score 4: complete root canal wall covered by a homogenous smear layer, no open dentinal tubules;Score 5: heavy, homogenous smear layer covering the entire root canal wall.

3.3. Statistical Analysis
-------------------------

Debris and smear layer scores were separately recorded. Data were analyzed with Kruskal-Wallis test. Mann-Whitney *U* test was performed for post-hoc comparisons. Significance was predetermined for *P* \< 0.05.

4. Conclusions
==============

More tests with a larger number of samples are needed to fully evaluate advantages and eventually disadvantages of instruments made by new alloy. Results of the present study can leave doubts about their clinical efficacy. Within the limitation of this study, HyFlex CM seem to be not so effective in promoting cleanliness of root canal walls and in removing smear layer from dentine if compared to Mtwo and Revo-S.
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